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Edited by Takashi GojoboriAbstract Comparison of the complete human genome sequence
to one of its closest relatives, the chimpanzee genome, provides a
unique opportunity for exploring recent evolutionary events
aﬀecting the microsatellites in these species. A simple assumption
on microsatellite distribution is that the total length of perfect re-
peats is constant compared to that of imperfect ones regardless
of the repeat sequence. In this paper, we show that this is valid
for most of the chimpanzee genome but not for a number of hu-
man chromosomes. Our results suggest accelerated evolution of
microsatellites in the human genome relative to the chimpanzee
lineage.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Microsatellites, or simple sequence repeats (SSRs), are more
abundant in eukaryotic genomes than expected from statistical
considerations [1]. Trinucleotide repeats constitute a subset of
microsatellites that are used as genetic markers in studies of
human evolution [2]. They are responsible for a number of ge-
netic diseases [3,4] and are also considered to be important fac-
tors in eukaryotic genome evolution [5], since they contribute
to genetic variability at multiple levels [6–8]. Their role in the
evolution of intrinsically unstructured proteins has also been
presented [9]. There is no stringent consensus in the literature
on the deﬁnition of SSRs and on the use of the most appropri-
ate method to measure the abundance or frequency of SSRs in
genomic sequences [1]. Commonly, only perfect repeats are
examined, since they can be identiﬁed in a much more objec-
tive manner than imperfect ones (see Scheme 1).
In this paper, we introduce a new approach to gain insight
into the evolution of trinucleotide repeats. We propose that
the separate identiﬁcation and analysis of perfect and imper-
fect repeats at identical loci within a genome is a valuable tool
to assess SSR evolution. Instead of tracking the evolutionary*Corresponding author. Fax: +36 28 526 101.
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doi:10.1016/j.febslet.2007.04.073history of individual repeats by using interspecies sequence
alignments, we compare overall chromosomal repeat distribu-
tions, without the identiﬁcation of orthologous SSRs in the hu-
man and chimpanzee genomes. We also determine whether
results and conclusions obtained for perfect repeats can be di-
rectly extrapolated to imperfect ones.2. Methods
A detailed description of the applied methods can be found in the
Supplementary material. Human (Homo sapiens) and chimpanzee
(Pan troglodytes) complete genome sequences were downloaded from
NCBI and the corresponding annotations were used. For the identiﬁ-
cation of imperfect and perfect SSRs (P 12 bp with unit lengths 1–
6 bp), we used TRF [11] and an in-house written program, respectively.
SSRs were categorized on the basis of their repeat units (class [12,13]),
and location as exonic, intronic or intergenic repeats using the CDS
ﬁelds in the sequence ﬁles. For direct comparison, we used only imper-
fect–perfect pairs at the same locus with identical repeat class. To com-
pare distributions of total repeat numbers/lengths per class, we applied
the chi-square contingency analysis yielding a measure of similarity as
in the PRIDE protein structure comparison algorithm [14].3. Results and discussion
3.1. Identiﬁcation of perfect and imperfect repeats
Our initial scan for perfect and imperfect repeats revealed
that the results of our two search programs did not correlate
well with each other in many cases. Further analysis was there-
fore limited to repeats that were identiﬁed simultaneously as
perfect and imperfect SSRs with the same repeat unit and that
lie entirely in the same region (i.e. exonic, intronic or intergenic
segments). It is reasonable to assume that the majority of
imperfect repeats identiﬁed this way are derived from perfect
ones rather than generated by point mutations from a non-re-
peated sequence by chance. Using this approach, the theoreti-
cal expectation that perfect repeats comprise a subset of the
imperfect ones (Scheme 1) is also met.3.2. Perfect and imperfect trinucleotide repeats in the human and
chimpanzee genomes
Our detailed results are available at the SSRDB web site
(http://bioinformatics.abc.hu/ssr/). Fig. 1 shows the distribu-
tion of trinucleotide repeats in the coding regions of human
chromosome 19 as an example where the length distributions
of perfect and imperfect repeats diﬀer considerably, even
though repeats at identical loci were considered only.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Distribution of the total lengths of trinucleotide repeats in the
coding region of human chromosome 19. Observed data for perfect
and imperfect repeats as well as expected data for imperfect repeats
(calculated by uniformly multiplying the observed lengths of perfect
repeats by 2.4, the average ratio) are shown. Comparison of perfect
and imperfect repeats using the expected distribution would yield a
probability value of 1.0 in contrast to 0.1 obtained from the observed
data.
a) gttctagtacgacgacgacgacgaccacgactct perfect repeat 
gtacgaccacgacgacgacgacgaccacgactct imperfect repeat 
b) gttctaccacgacgacgacgacgaccccgactct perfect repeat 
gttctaccacgacgacgacgacgaccccgactct “imperfect” repeat 
c) cacgtcgacgacgacgacgccgtcgacgacgacgacgacgatgacg perfect repeat 
cacgtcgacgacgacgacgccgtcgacgacgacgacgacgatgacg imperfect repeat 
Scheme 1. Diﬀerent examples of perfect and imperfect SSRs. An imperfect SSR may, but does not necessarily, have mismatches, insertions and/or
deletions relative to its perfect counterpart. Therefore, the relation between perfect and imperfect SSRs at a given locus may fall into one of three
diﬀerent categories: a perfect SSR makes up a segment of the corresponding imperfect one (a), the perfect SSR may be identical to the imperfect one
(i.e. the SSR detected by the program TRF) (b), and multiple, isolated perfect SSRs occur in the imperfect one (c).
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omes, the distributions of perfect and imperfect trinucleotide
repeats diﬀer to a lesser extent in the chimpanzee genome. This
is apparent from the remarkably higher average probability
values obtained for the chimpanzee genome, indicating that
the distributions of perfect and imperfect repeats are highly
similar, and the scarcity of values P < 0.5 relative to the human
chromosomes (Table 1), mostly on the smaller ones (19–22 and
Y, using the consensus numbering of chimpanzee chromo-
somes [15]).
Comparison of trinucleotide repeat distributions on human–
chimpanzee orthologous chromosome pairs also underlines the
dissimilarity in imperfect repeat distributions. P-values indicat-
ing the similarity of the normalized distributions across repeat
classes are generally smaller for imperfect than for perfect re-
peats in all of the genomic regions examined (Table 2). This
phenomenon is also more pronounced on smaller chromo-
somes.
These results indicate that there is considerable diﬀerence be-
tween the imperfect trinucleotide repeat distributions of the
two genomes. The human genome displays a biased pattern
of imperfect relative to perfect repeats, whereas there is practi-
cally no bias in chimpanzees (see also Table 1). Our detailedresults for chromosomes 19, 21 and Y can be found in the Sup-
plementary material.3.3. SSRs in the context of chromosome evolution
At the genomic scale, several diﬀerences have already been
identiﬁed between Homo sapiens and Pan troglodytes. Diver-
gent evolution in mono- and dinucleotide repeats in the two
species has been presented using alignments of orthologous hu-
man–chimpanzee sequences [16]. Importantly, the distribution
of interspersed repeats also exhibits characteristic diﬀerences
between the two species [10,17,18].
At the chromosomal level, our survey shows that uneven dis-
tributions of perfect and imperfect SSRs are more apparent on
smaller human chromosomes (16, 19, 20, 21, 22, Y; Table 1).
Chromosomes 16 and 19 have high contents of interspersed re-
peats (47% and 55%, respectively, compared to the geno-
mic average of 45%) [19–21]. On the other hand,
chromosomes 19 and 22 are noted for their high gene density
[20,22]. The Y chromosome is particularly poor in repeats,
but it was shown to be subject to frequent gene conversion
events between its palindromic sequences [23,24]. However,
these features cannot be unambiguously linked to the overall
picture of SSR evolution. We emphasize that our results refer
to whole chromosomes, which makes statistical considerations
more robust, although it is clear that certain chromosomal seg-
ments have a distinct evolutionary history [24], and a number
of molecular events can contribute to the observed pattern of
trinucleotide repeats.
Our ﬁndings demonstrate that microsatellites of diﬀerent
repeat classes and in diﬀerent regions of the human and chim-
panzee genomes are subject to diﬀerent evolutionary pressures
to maintain or disrupt their regular pattern of repeats. Our
observations are consistent with a scenario where human
microsatellites underwent expansion after divergence from
the human–chimpanzee common ancestor and the presently
observed high density of imperfect repeats is the result of dis-
rupting mutations accumulated since then. Although this
hypothesis remains to be proven, it is more likely than assum-
ing that the majority of imperfect repeats around perfect ones
were formed by point mutations in the human lineage. We also
point out that identifying only perfect repeats, which is done in
most studies, yields an incomplete picture of repeat abundance
and distribution because such results cannot always be
extended to imperfect repeats. Consequently, identifying both
perfect and imperfect repeats is crucial for describing micro-
satellites and understanding their roles in evolutionary pro-
cesses.
Table 1
Probability of identitya of perfect and imperfect trinucleotide repeat distributionsb on human and chimpanzee chromosomes
Region Human chromosome
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
All sequences 0.83 0.92 0.86 0.92 0.93 0.97 0.53 0.84 0.87 0.88 0.87 0.48 0.94 0.89 0.79 0.27 0.69 0.80 0.06 0.39 0.83 0.31 0.84 0.12
Coding regions 0.79 0.78 0.75 0.07 0.35 0.98 0.82 0.74 0.93 0.78 0.95 0.97 0.49 0.60 0.33 0.93 0.76 0.04 0.10 0.31 0.42 0.80 0.93 0.25
Introns 0.83 0.90 0.79 0.74 0.88 0.98 0.51 0.61 0.80 0.79 0.90 0.69 0.88 0.87 0.54 0.31 0.84 0.75 0.09 0.96 0.27 0.14 0.74 0.00
Intergenic regions 0.78 0.92 0.86 0.94 0.92 0.88 0.53 0.89 0.80 0.88 0.79 0.27 0.95 0.89 0.58 0.15 0.25 0.75 0.03 0.07 0.74 0.09 0.70 0.23
Chimpanzee chromosome
1 2A 2B 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
All sequences 0.98 0.99 0.99 0.98 0.93 0.98 0.97 0.92 0.96 0.95 0.98 0.97 0.97 0.97 1.00 0.89 0.85 0.98 0.93 0.60 0.96 0.92 0.76 0.98 0.97
Coding regions 0.91 0.84 0.31 0.93 0.76 0.94 0.97 0.97 0.93 0.99 0.81 0.84 0.90 0.50 0.84 0.96 0.93 0.99 0.84 0.20 0.84 0.65 0.92 0.93 0.04
Introns 0.99 0.98 0.98 0.99 0.98 0.99 0.90 0.94 0.93 0.99 0.97 0.99 0.92 0.96 0.95 0.77 0.92 0.99 0.62 0.70 0.92 1.00 0.69 1.00 0.00
Intergenic regions 0.90 0.96 0.99 0.97 0.92 0.93 0.95 0.92 0.96 0.91 0.93 0.95 0.92 0.93 1.00 0.94 0.67 0.86 0.84 0.37 0.89 0.69 0.38 0.97 1.00
aContingency probability values (P) were obtained by comparing the proportions of trinucleotide repeat classes (using the total lengths in each class) observed for perfect and imperfect repeats at
identical loci in diﬀerent regions of the chromosomes. Each contingency probability value is interpreted as a measure of similarity between the two distributions compared, thus a number close to 1
indicates close similarity and a lower value, primarily below 0.5, is interpreted as discrepancy between the distributions. Probabilities indicating highly diﬀerent distributions (P < 0.5) are marked bold.
bRepeat abundance was measured as the cumulative length of the repeat class (in bp) divided by the cumulative length of the region (in Mbp).
Table 2
Region-speciﬁc comparison of perfect and imperfect repeats on homologous human–chimpanzee chromosome pairsa
Human/chimpanzee chromosome
1 2Ab 2Bb 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
Perfect repeats
All sequences 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 1.00 0.99 1.00 0.97 0.96 1.00 0.25
Coding regions 1.00 0.86 0.76 0.64 0.61 0.83 0.88 0.99 0.95 0.91 0.88 0.89 0.58 0.04 0.97 0.93 0.76 0.85 0.51 0.90 0.81 0.01 0.46 0.46 0.31
Introns 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 0.98 0.84 0.88 0.89 1.00 0.99 0.92 1.00 0.12
Intergenic regions 1.00 0.99 0.99 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.96 0.97 0.99 0.99 1.00 1.00 0.82 0.87 1.00 0.30
Imperfect repeats
All sequences 0.94 0.99 0.93 0.98 0.99 0.94 0.99 0.72 0.97 0.98 0.96 0.98 0.75 0.99 0.85 0.93 0.75 0.78 0.87 0.32 0.53 0.29 0.67 0.97 0.01
Coding regions 0.87 0.28 0.19 0.60 0.05 0.17 0.93 0.79 0.56 0.59 0.84 0.70 0.59 0.05 0.91 0.53 0.75 0.43 0.00 0.81 0.64 0.45 0.31 0.50 0.50
Introns 0.94 0.99 0.93 0.86 0.78 0.70 0.98 0.78 0.65 0.73 0.87 0.97 0.86 0.97 0.67 0.99 0.44 0.56 0.74 0.30 0.94 0.12 0.08 0.80 0.00
Intergenic regions 0.93 0.99 0.90 1.00 0.99 0.95 0.98 0.74 1.00 1.00 0.99 0.97 0.52 1.00 0.89 0.66 0.71 0.51 0.86 0.58 0.25 0.38 0.61 0.92 0.07
aFor each pair and region, the probability of identity is calculated using the abundance data obtained as described in the footnote of Table 1.
bHuman chromosome 2 is separately compared to the homologous chimpanzee chromosomes 2A and 2B.
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ences.Appendix A. Supplementary data
Full description of the applied methods, detailed analysis of
our results on chromosomes 19, 21 and Y as well as the full
author lists of references 10, 19, 20, 22 and 24 are supplied
as Supplementary material. Supplementary data associated
with this article can be found, in the online version, at
doi:10.1016/j.febslet.2007.04.073.References
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